Background: Motor competence is an important component in the facilitation of an active lifestyle and is influenced by environmental and biological constraints. Biological maturation has been shown to affect participation in various forms of physical activity (PA) and sports but information on the association with motor competence and motor development remains limited.
Introduction
Physical activity (PA) has been identified as major contributor to health and well-being (1) (2) (3) . As PA tracks from childhood into adolescence and adulthood (4, 5) there have been collective efforts to ensure sufficient PA in youth. Effects of various intervention strategies targeting higher PA in children and adolescents, however, have been limited (6) and recent estimations indicate that 81% of 11to 17-year-old do not meet current PA recommendations of 60 minutes of moderate-to-vigorous PA per day (7) . In addition to the detrimental effects of insufficient PA on cardiometabolic, musculoskeletal and psychological health, low PA puts a significant burden on the health care system; an estimated 54 billion US$ of global annual costs in direct health care have been attributed to insufficient PA (7) .
Insufficient PA during childhood and adolescence has also been associated with a decline in physical fitness and motor competence in youth (8) (9) (10) , which reflects the ability to perform goal-directed movements (i.e., locomotion, stability tasks, object control) (11) . In fact, limited effects of various PA interventions have, at least partially, been attributed to low motor competence (12) , as children and adolescents with low motor competence are generally less likely to engage in active free play (13) . Low motor competence is further associated with disengagement from formal exercise or sports due to lower perceived competence and greater difficulties with learning new sport-specific skills (13) (14) (15) . This is consistent with the social cognitive theory, that emphasizes the importance of self-efficacy for engagement in PA, particularly during adolescence (16) . High motor competence during childhood and adolescence, on the other hand, has been associated with higher PA levels in adults (17) , which indicates a direct and indirect pathway of motor competence with lifetime PA (11, 18) .
Even though rudimentary motor skills (i.e., walking) develop naturally, the development of motor competence needs to be nurtured and is influenced by biological and environmental factors (19) . Accordingly, biological maturation, which describes the progress towards a mature state has been shown to affect motor competence (14, 20) . Despite the fact that biological maturation occurs in a predictable manner, there is a large individual variability in the timing and tempo of the maturational process, resulting in differences in size, shape, body composition as well as motor and cognitive performance in children and adolescents of similar age (21, 22) . These differences are most pronounced during the pubertal years (14) . The rapid physiological, psychological and behavioral changes along with increased social and economic independence during adolescence also make puberty a vulnerable time for behavioral change (23, 24) . Given the importance of motor competence in the promotion of an active lifestyle, additional research on the association of biological maturation with the development of motor competence is warranted. The present study, therefore, examined the cross-sectional and prospective association between biological maturation and motor competence in Austrian middle school students over a 3-year period.
Methods
A total of 7 middle schools in the federal state of Tyrol, Austria were randomly selected for participation. Due to the longitudinal nature of the study only students starting middle school (between 10 and 11 years of age) were eligible for participation, which resulted in 278 eligible participants. Data collection started in 2013 and participants were followed over a period of three years with annual measurements being taken between October and November. Parents received written information about the study via the participating schools and provided written informed consent. Oral consent was obtained from the participants at the time of data collection. The study has been carried out in accordance with the Declaration of Helsinki and procedures were approved by the University of Innsbruck Institutional Review Board, the school authorities of the federal state of Tyrol and the school board of the participating schools.
Anthropometric measurements
All measurements were taken during a regular physical education class. Body weight and height were measured by trained technicians with participants wearing gym clothes and barefoot. Specifically, body weight was measured to the nearest 0.1 kg with a gauged body scale (GRUNDIG ® 3710, Grundig AG, Nürnberg, Germany) and height was measured to the nearest 0.1 cm with a mobile stadiometer (SECA ® 217, Seca, Hamburg, Germany). Body mass index (BMI, kg/m²) was calculated and converted to BMI percentiles (BMIPCT) using the German reference system (25) . Subsequently, participants were classified as non-overweight or overweight/ obese using the 90 th percentile as cutpoint. 
Motor competence
Following anthropometric measurements, participants completed the "Deutsche Motorik Test" (German motor test, DMT 6-18) (26) . The DMT 6-18 consists of 8 test items that assess flexibility, balance, agility, strength, power, speed and endurance. All tests (20 m sprint, backward balancing, sideways jumping, standing long jump, sit ups, push-ups, stand and reach test, 6-minute run) were completed after a standardized 5-minute warm-up in the respective school's gymnasium. The testing session started with the 20 m sprint and ended with the 6-minute run. The remaining tests were performed at random order with instructions and practice trials provided as specified by the test manual. In addition to raw performance scores, ageand sex-standardized values were determined for each test item based on a German reference sample (26) . The mean of these standardized scores was subsequently used as an indicator for total motor competence.
Biological maturation
Somatic growth parameters were used for the estimation of biological maturation. Maturity status was determined based on the estimated age at peak height velocity (APHV), as the onset of the adolescent growth spurt coincides with the onset of puberty (27) . Years from APHV (i.e., maturity offset) were calculated using the following equations at each measurement time point ( APHV was subsequently calculated (APHV = chronological age − maturity offset) and the time point with the smallest difference between chronological age and APHV was used for the analyses as the equations have been shown to be most accurate close to APHV (28) . Subsequently participants were stratified into early, average or late maturers based on sex specific sample tertiles.
Statistical analysis
Descriptive statistics were calculated and data was checked for normal distribution in the total sample and the respective subsamples. Cross-sectional associations between biological maturation (indicated by estimated APHV) and body weight as well as motor competence were examined via Pearson correlation analyses. In addition, partial correlations, adjusted for BMIPCT, were calculated. The strength of the association was defined as weak (0.3>r>0.1), moderate (0.5≥r≥0.3) or strong (r>0.5), for positive and negative correlation coefficients (29) . Longitudinal associations between biological maturation and motor competence were examined via mixed linear models separately for boys and girls by maturity tertiles.
Results
A total of 212 middle school students (59% male, 10.8±0.5 years of age) provided complete and valid data during all 3 measurement times. Baseline sample characteristics are shown in Table 1 . The prevalence of overweight/obesity was 14% and there were no significant differences in anthropometric characteristics between boys and girls. As expected estimated APHV was higher in boys compared to girls (13.5±0.4 vs. 12.0±0.4 years; P<0.001). There was also a high consistency across the three measurement time points in estimated APHV with a mean variance of 0.002 and <0.001 years for girls and boys, respectively. Boys displayed better results at the 20 m sprint (P=0.002), sit ups (P=0.005), standing long jump (P<0.001) and 6-minute run (P<0.001) compared to girls based on raw performance scores. Using age-and sex-standardized scores, boys were better than girls at the 20 m sprint (P=0.047), stand and reach test (P=0.047) and balancing (P=0.013). Nevertheless, total motor competence scores did not differ significantly between boys and girls.
Cross-sectional results
There was a moderate inverse association between estimated APHV and BMIPCT in boys and girls (r girls =−0.395; r boys =−0.369; P<0.001), indicating that early maturation was associated with higher body weight. Associations between estimated APHV and motor competence were weak. In girls, estimated APHV significantly correlated with push-ups (P=0.008) and distance covered during the 6-minute run (P=0.044) ( Table 2) , indicating lower performance with earlier maturation. After adjustment for body weight, the association between the 6-miute run and estimated APHV was no longer significant, while the association with push-ups remained significant (P=0.030). In boys, weak positive correlations were observed between estimated APHV and push-ups (P=0.010), sit ups (P=0.023), Values are mean ± SD. **, P<0.01. sideways jumping (P=0.015), flexibility (P=0.013) and balance (P=0.017). As was observed in girls, early maturation was associated with lower performance at these tests. After adjustment for BMIPCT, associations were no longer significant except for the stand and reach test ( Table 2) . No significant associations between estimated APHV and total motor competence was observed in either girls or boys.
Longitudinal results
Over sideways jumping (P<0.001), balance (P=0.002), flexibility (P<0.001), standing long jump (P<0.001) and push-ups (P=0.027) ( Table 3 ). Using sex-and age-standardized scores, only sideways jumping and flexibility improved significantly (P<0.001), while there was a decline in the performance for sit ups (P=0.036) and the 6-minute run (P<0.001), resulting in no significant change in total motor competence score. In boys, absolute performance improved in all test items (P<0.001) except for the 6-minute run (no change) and the stand and reach test, which declined significantly (P=0.032).
Only sideways jumping (P<0.001) and sprint (P=0.029) improved based on sex and age-standardized values, while flexibility (P=0.045), sit ups (P=0.007) and 6-minute run performance (P<0.001) declined ( Table 3) . As observed in girls there was no significant change in total motor competence score in boys. When examining change in raw performance scores by maturity status, early maturers showed a significant improvement in balance (P girls =0.016, P boys =0.004) ( Table 4 ). In addition, there was a significant improvement in long jump performance in early (P=0.004) and average maturing girls (P=0.001) but not in their late maturing peers. Average maturing girls also showed an improvement in sit ups (P=0.043) and a decline in endurance (P=0.015) while there was no change in their early or late maturing peers. Late maturing boys displayed a significant decline in flexibility (P=0.037), which was not observed in early or average maturing boys. U s i n g s e x -a n d a g e -s t a n d a r d i z e d s c o r e s , l a t e maturing boys displayed a significant decline in long jump performance (P=0.022) and flexibility (P=0.029), which contributed to a significant decline in total motor competence (P=0.022). No significant changes in motor competence were observed in early or average maturing boys (Figure 1) . Late maturing girls showed a significant decline in long jump performance (P=0.013) and sit ups (P=0.001) while no change was observed in their early or average maturing peers. In addition, late and average maturing girls displayed a significant decline in endurance capacity (P late =0.002, P avg <0.001) (Figure 2) .
Discussion
This study examined the association between motor competence and biological maturation in Austrian middle school students. Cross-sectional associations between biological maturation and motor competence were generally weak and indicated lower motor competence in early maturing adolescents. Early maturation, however, was also associated with higher body weight. As shown in previous studies there was an inverse association between body weight and motor competence (30-32) and once body weight was taken into consideration, cross-sectional associations between biological maturation and motor competence were limited. Biological maturation was further associated with weight change. Specifically, early maturing girls and late maturing boys displayed a more pronounced increase in body weight compared to their peers. The greater weight gain in late maturing boys potentially contributed to the decline in total motor competence in this group, which was attributed to a significant decline in endurance, power and flexibility. Endurance capacity Transl Pediatr 2019;8(5):402-411 | http://dx.doi.org/10.21037/tp.2019.09.03 Values are mean ± SD. ∆, annual change based on mixed linear model; *, significant change at P<0.05; **, significant change at P<0.01.
Figure 1 Annual change in age-standardized motor competence scores across the 3-year observation period across maturity tertiles in boys.
Values are means with 95% confidence intervals. ∆, annual change based on mixed linear model.
Figure 2
Annual change in age-standardized motor competence scores across the 3-year observation period across maturity tertiles in girls.
Values are means with 95% confidence intervals. ∆, annual change based on mixed linear model. actually declined across all maturity tertiles in boys, while agility increased. Early maturing girls, on the other hand, did not show a decline in motor competence, despite their significant weight gain. Rather, late maturation was associated with a decline in power and endurance, while agility and flexibility increased across all maturity tertiles in girls. Previous research also indicated a positive association between body weight and biological maturation (33, 34) . In fact, it has been argued that higher body fat during childhood initiates earlier onset of maturation, particularly in girls (33, 35) . Increased body weight has also been associated with less efficient movement forms and greater difficulty to perform various motor skills (11) . Nevertheless, available research indicates that early maturing boys are more likely to be selected for various sports (14, 36) . This has been attributed to hormonal changes during puberty that result in increased strength, which potentially provides a temporary advantage for early maturing boys over their average and late maturing peers (14) . The present study, however, did not show any beneficial associations between early maturation and motor competence in boys when accounting for differences in body weight. Despite a greater muscular strength, early maturing boys may actually have a disadvantage during weight bearing tasks (due to the increased body weight), which were predominantly used in this study. A higher absolute strength in early maturing boys, however, could be an advantage during manipulative and object control tasks, which are key contributors to performance in many sports. The observed decline in motor competence along with a more pronounced increase in body weight in late maturing boys may also be an indicator for a greater risk of disengagement from sports and PA in late maturing boys, which has been reported previously (14, 37) . Accordingly, late maturing boys potentially warrant special attention in the promotion of an active lifestyle as they may struggle in sports during adolescence, leading to anxiety and frustration (21) , which results in reduced motivation towards participation in any form of PA later in life.
In girls, on the other hand, early maturation has been associated with an increased risk for disengagement from PA and sports (38) (39) (40) . While this may partially be attributed to changes in personal and social interests, biological alterations need to be considered as well. Weight gain during maturation in girls has been associated with a higher accumulation of fat mass, which impairs participation in PA and physical fitness (14, 39, 41) . The cross-sectional results of the present study also showed lower motor competence with earlier maturation in girls, which was attributed to a higher body weight. Further, weight gain was more pronounced in early maturing girls, which could be an indicator for a greater disengagement from sports and PA. The change in body weight, however, did not affect the development of motor competence of early maturing girls. On the contrary, late maturing girls, rather than early maturing girls, displayed a significant decline in core strength and power. A possible explanation may be that late maturing girls experienced greater biological and psychological changes at the time of measurement as they were closer to their maturity offset during follow-up measurements, while early maturing girls were already further removed from their peak height velocity. During periods of rapid growth, various movement patterns may be disrupted and this could result in lower performance on various motor competence tests (42, 43) . Further, Katzmarzyk et al. argue that neuromuscular maturation rather than strength affects motor performance (44) , which may contribute to lower motor competence in late maturers.
In addition to the association between biological maturation and motor competence, the present study showed a decline in endurance capacity and core strength, independent of maturation, already in middle school students. Given the importance of these fitness parameters on cardiovascular health and general well-being this could have important implications for future health. Low cardiorespiratory fitness during childhood and adolescence has been associated with an increased risk for high blood pressure, abnormal blood lipids, adiposity and metabolic syndrome later in life (45) . Similarly, low muscular fitness and motor competence at young ages have been associated with greater cardiovascular disease risk and adiposity later in life (45, 46) . Accordingly, the promotion of physical fitness and motor competence via various movement experiences during childhood and adolescence appears to be a crucial component in efforts to improve public health. The present study further indicates a potential influence of biological maturation on the development of motor competence and physical fitness and, therefore, should be considered in the development of intervention strategies targeting an active and healthy lifestyle.
Even though this study provides interesting insights into the association between biological maturation and motor competence during early adolescence there are some limitations that should be considered when interpreting the results. The limited diversity in biological maturation may have affected the strength of the observed associations and the homogeneity of the study population may limit the generalizability of the results. There was also no objective assessment of PA, which is an important correlate of motor competence (47) . Similarly there was no information on participation in organized sport, which could be of importance as alterations in body weight may provide advantages or disadvantages for sports performance, depending on the sport, and could affect motivation for a continued participation. The objective assessment of motor competence via a widely used and validated test battery along with the longitudinal nature of the study, on the other hand, are considerable strengths of this study. Multiple measurements around APHV also allowed for a more accurate estimation of maturity status as estimated APHV is more accurately predicted close to maturity offset (28) . Nevertheless, estimations of biological maturation using somatic measures have been shown to be problematic, particularly in early and late maturers (48) .
Conclusions
In summary, the present study indicates lower motor competence in early maturing adolescents due to their increased body weight. Late maturation, on the other hand, potentially impairs motor development, particularly in boys. This is of concern as low motor competence has been associated with an increased risk for disengagement from PA and drop out from sports along with the associated detrimental health effects later in life (14, 47) . High motor competence, on the other hand, has beneficial effects on cognitive, social and emotional development (49) (50) (51) . Puberty appears to be a particularly vulnerable period that is characterized by large biological changes along with alterations in social interests. It is also the time when various lifestyle habits start to develop (52) , and, therefore, may provide important opportunities for the promotion of an active and healthy lifestyle. In order to develop adequate intervention strategies, individual differences in social, psychological and biological characteristics during the pubertal years, however, need to be considered. These differences may also increase the risk for disengagement from PA in specific subpopulations, which potentially warrant special attention. Accordingly, additional research on the association of biological maturation with motor competence is warranted. Particularly longer observation periods may be needed to account for a possible catch up in motor competence of late maturing adolescents. Further, a closer examination of differences in sports participation by biological maturation and benefits and disadvantages of early or late maturation in various sports could provide valuable insights for a more targeted approach in the promotion of PA and sports in youth.
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